Evaluation on the energy efficiency and emissions reduction of a short-route hybrid ferry by Yu, Wanneng et al.
Evaluation on the energy efficiency and emissions reduction 1 
of a short-route hybrid sightseeing ship 2 
 3 
Wanneng Yu1,3, Peilin Zhou*2,4, Haibin Wang2 4 
 5 
1. Fujian Province Key Laboratory of Naval Architecture and Marine Engineering, 6 
Xiamen 361021, China 7 
2. Department of Naval Architecture, Ocean and Marine Engineering, University of  8 
Strathclyde, Glasgow G4 0LZ, UK 9 
3. School of Marine Engineering, Jimei University, Xiamen 361021, China 10 
4. Ocean Engineering Faculty, Zhejiang University, Zhousan,316021,China 11 
* Corresponding author email: peilin.zhou@strath.ac.uk 12 
 13 
Abstract: This paper is to develop a coordinated control strategy of a ship with hybrid 14 
power and evaluate on the energy efficiency and emissions reduction of the case ship. 15 
The hybrid power system consists of 4-stoke diesel generator, solar panels and battery 16 
packs. A micro-grid power system was structured to offer an optimal combination of 17 
the three power sources in terms high efficiency and low emissions of the overall 18 
system. The control requirements for the developed micro-grid power system were 19 
analysed according to the principles of priority to use renewable energy. A power 20 
distribution control strategy was designed by applying the logic threshold method. A 21 
system simulation model was established and the simulation was carried out with 22 
MATLAB. An experimental test rig was built to evaluate the simulation results and 23 
develop the control system. The developed marine micro-grids power system has been 24 
applied on a case ship and run stably. Compared with the conventional power system, 25 
the performance of emission and economic of the hybrid system is studied with the case 26 
ships. The results of case ship and experimental have shown that the developed hybrid 27 
micro grid system can be managed effectively by the proposed control strategy. The 28 
emission of CO2 is dramatically decreased in any cases and the energy cost is reduced 29 
considering for the ship life-cycle. 30 
Keywords：Marine Micro-Grids, Control Strategy, Solar Energy, Lithium-ion Batteries, 31 
Diesel Generator. 32 
Nomenclature  33 
 34 
G   Generator 35 
PV   Photovoltaic 36 
DC   Direct current 37 
AC   Alternating current 38 
PLC  Programmable logic controller 39 
CAN  Controller area network 40 
MPPT  Maximum power point tracking 41 
SOC  State-of-charge 42 
SFOC  Specific fuel oil consumption 43 
Pload  Load power demand 44 
Ppv   Output power of photovoltaic panels 45 
Pbat   Output power of lithium batteries 46 
Pdg   Output power of diesel generator 47 
1. Introduction 48 
Since ship emissions have become increasingly a serious problem, the technology of 49 
high energy efficiency and emissions reduction of shipping industry has brought a great 50 
attention from the international community. Air pollution from ships mainly comes 51 
from using heavy fuel oils for power generation. Although, these fuels are economical, 52 
they produce significant amounts of pollutant emissions (Rehmatulla et al, 2017). 53 
Designing and building new green ships with low energy consumption and low 54 
emission has become an important trend in the shipbuilding and shipping industry. On 55 
the one hand, several solutions exist for shipping to mitigate its emissions and transition 56 
towards low carbon shipping, and one of them is using renewable energy sources 57 
(Ammar et al, 2017). On the one hand, more and more are marine applications where 58 
traditional thermal engines are not the best option to cope with regulation limits and 59 
constraints, as in the case of passenger transportation in coastal cities waterways or in 60 
marine protected areas (Balsamoa et al, 2017). The electric propulsion technology is 61 
considered as the best candidate to take the place of the internal combustion engine 62 
propulsion. Therefore, in view of the higher requirements of environmental 63 
performance for traveling water area (IMO, 2016), the application of new energy 64 
technology and electric propulsion technology to develop a comfortable and 65 
environment-friendly sightseeing ship is an effective solution to solve the 66 
environmental pollution and improve the tourism quality. 67 
With the development of electronics technology and control technology, the micro grid 68 
with new energy has been widely applied on land. The power output characteristics of 69 
new energy sources in the marine environment are not essential different from land-70 
used type. However, the ship micro-grid system must deal with the special operating 71 
environment in marine application. In particular, the complicated and changeable 72 
working conditions during ship navigation would make the load power fluctuate and 73 
frequently change. When solar energy is concerned, it is also necessary to take into 74 
account of the influence on the power output by the limitation of the navigation area 75 
and the installation area of the solar panel. In addition, compared with onshore power 76 
system, one of the characteristics of ship power system is small capacity and large load. 77 
Therefore, the ship micro-grid, as a relatively independent system, has typical 78 
characteristics that distinguish it from the physical structures and characteristics of the 79 
power grid for land application. It is not possible to directly apply the micro-grid 80 
technology in the land grid to the marine application. Smith et al. (2016) mentioned in 81 
their research to combine different energy-efficient technologies in order to reduce 82 
shipping emissions. In this particular application, three energy sources are considered, 83 
including solar energy, lithium battery pack and diesel generators. The influence of the 84 
power quality (static and dynamic response of voltage and frequency) and the operation 85 
reliability of the micro grid system are to be studied. 86 
At present, researchers and scholars around world have conducted research on the 87 
application of new energy sources in ships. Some research results have been obtained 88 
for using the solar energy and battery as an auxiliary power supply to ship application 89 
(Glykas et al, 2010). However, the study of solar energy and battery power as a 90 
component of ship's main power supply is still in the exploratory stage, especially in 91 
the research of ship's micro-grid technology. There has been very little literature 92 
published on relevant research. The DC Bus technology of ship power supply system, 93 
mixed with diesel generator and photovoltaic cells, is introduced by many previous 94 
researches (Bartelt et al, 2011; Jusoh et al, 2013; Zahedi and Norum, 2013). It has the 95 
advantages of simplified transmission systems, high stability of system operation and 96 
transmission of active power. Also there is no frequency fluctuation and phase 97 
difference problem. The power supply system is reliable and can be easily achieved 98 
(Zahedi and Norum, 2013). An energy management control system of the DC power 99 
system of the solar and lithium batteries has been developed by researchers already (Yu 100 
et al, 2013; Yu, 2013). Although the DC power system is easy to implement, there are 101 
also many drawbacks in ship application, such as small power capacity, low economic 102 
benefit, low reliability of equipment and so on. Reports (Wei et al, 2010; Sun, 2013; 103 
He et al, 2013) discussed the AC (alternating current) Bus technology of ship power 104 
supply for a system with a combination of diesel generator and photovoltaic cells. The 105 
report investigated the stability of power provision based on the maximum power 106 
output of solar photovoltaic and the synchronous generator speed regulation and 107 
excitation system control when the two power sources are operating in parallel. 108 
However, the system is lack of power storage and could not use solar energy to its 109 
maximum advantage. 110 
Therefore, according to the characteristics and operation requirements of the 111 
sightseeing ship, aiming to the shortage of the existing ship's micro grid, this paper 112 
investigates a ship micro-grid power system which consists of photovoltaic cell, diesel 113 
generator and battery with AC Bus. At first, the topology of the ship micro grid power 114 
system is introduced, and the power control strategy and the optimization of the 115 
coordinated control are presented. Secondly, the paper presents the procedure of system 116 
modelling and simulation. The results of system operation stability and reliability were 117 
studied. Further, combined with electric propulsion technology, an energy management 118 
system is developed and applied on a sightseeing ship. Finally, A case study is carried 119 
out in order to estimate the energy saving and emissions reduction due to the installation 120 
of the hybrid power system.  121 
The rest of this paper is organized as follows: Section 2 presents a topological structure 122 
of micro grid with AC Bus. In section 3, according to the output characteristics of 123 
different energy sources, the operation control requirements of the ship's micro grid are 124 
analysed, and the energy management control strategy is put forward. Section 4 125 
introduces the related simulation research of the diesel generator, lithium-ion battery 126 
and photovoltaic, and develops a system simulation model of the micro grid. In section 127 
5, the system under different load conditions is simulated and analysed. Section 6 128 
introduces the control system and corresponding experimental platform, and analyses 129 
the experimental results. Section 7 described the parameters of the case ship, evaluates 130 
the energy saving and emission reduction performance and the economic performance 131 
of the ship life-cycle. Finally, this paper is concluded in section 8. 132 
 133 
2. The topology of ship micro-grid power system 134 
The continuity, reliability and quality of power supply of ship will directly impact the 135 
economy performance, technical performance and safety of ship (Sun, 2013). For ship 136 
power system with multi-energy, the stable and reliable operation of the micro-grid 137 
system must be satisfied. In order to highlight the performance of energy saving and 138 
emissions reduction, according to the performance requirements of the sightseeing ship, 139 
the general design idea of the micro grid is as follows: 140 
1) Based on most loads of the ship are supplied AC, the AC power grid is adopted. 141 
2) Due to the excellent electrical properties of lithium-ion batteries, the lithium battery 142 
packs which are certified by the ship classification society have been promoted and 143 
used on ships, and it is also adopted by the system. 144 
3) The inverter power supply of lithium battery pack and solar energy is applied as the 145 
main power, and the diesel generator is used as auxiliary power or emergency power 146 
supply. 147 
4) MPPT algorithm of solar energy is adopted. 148 
So, the architecture of a micro-grid system with a combination of a diesel generator, 149 
lithium-ion batteries and solar energy is developed and shown in Fig.1. The solar energy 150 
and the lithium-ion batteries are connected by an inverter to the AC Bus. The load 151 
includes electrical propulsion system and other electricity consumers and lighting on 152 
board. 153 
 154 
Fig.1 The proposed architecture of ship micro grid system 155 
3. Analysis of energy control strategy 156 
For the developed ship's micro-grid system above, the most critical part is the 157 
distribution and control of each energy source. The energy distribution and control 158 
strategy is to meet the ship power demand and distribute power reasonable and 159 
optimized between the three kinds of energy sources, in order to maintain the efficiency 160 
and stability of the whole ship power system operation. At the same time, in order to 161 
maximize the use of renewable energy, the power output from solar energy source is 162 
maintained to be the maximum with a reference of the research outcomes of power 163 
distribution strategy of multi-energy sources on ships (Gao et al, 2015; Li, 2014).  164 
The control method of micro grid has logic threshold method and some new control 165 
methods based on classical and modern control theory, such as PID control, sliding 166 
mode variable structure control and fuzzy control. However，because of the theory is 167 
immature and the algorithm is too complex, the software and hardware of the control 168 
system with modern control method are too complex, and it is not suitable for applying 169 
the control system in micro grid now. At present, the logic threshold control method is 170 
widely used at home and abroad because of it is not necessary to establish the complex 171 
mathematical model and to detect data with high accuracy, and it is very effective for 172 
the system nonlinear control. When the control method is used in the ship's micro grid, 173 
the basic energy management can be realized only through controlling the power 174 
threshold of output power of solar power and lithium battery pack, and power of load 175 
demand. Therefore, how to design a set of reasonable control strategy is the premise of 176 
logic threshold method can be used in ship micro grid. A novel power distribution 177 
control strategy based on a logic threshold value is developed and its working principles 178 
are shown in Fig.2. There are two operating modes of this control strategy. One is the 179 
power supply mode of a combination between solar and lithium-ion batteries. The other 180 
one is a combination of all three energy sources.  181 
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Fig.2 Power distribution control strategy based on logic threshold method 184 
The details of the control strategy are described under the normal working conditions 185 
as follows: 186 
1) When the total output power provided by solar energy and lithium-ion batteries is 187 
greater than the load demand. The solar power generation system will be working as 188 
the main energy source to provide electricity load and lithium-ion battery pack provides 189 
complementary power to stabilise the whole power supply system. According to the 190 
solar power output and load demand, the operation mode of the system can be divided 191 
into the following three sub-modes: 192 
a) When the power output of the solar system is greater than that of the load demand, 193 
the power supplied will be only from the solar energy. The batteries will be charged 194 
according to the batteries SOC. 195 
b) When the power output of the solar system is less than the load demand, the power 196 
will be supplied by the solar energy and the batteries together. In this mode, all the solar 197 
power will be used to meet the power load demand and the rest will be replenished by 198 
the batteries.  199 
c) When the solar power output of is zero, the power will be supplied purely by the 200 
batteries. 201 
2) When the total power output of the solar and battery systems is less than the load 202 
demand, the power output of the solar energy system is maintained at its maximum. 203 
The power output of diesel generator and the battery is depending on the change of 204 
demand load and the batteries SOC. 205 
In addition, as an energy supply and the storage equipment of the shipping micro-grid 206 
system, a safe, stable and efficient operation of energy storage system is very important. 207 
In order to protect the energy storage system and prolong its service life, its SOC must 208 
be controlled in a certain range (Kim et al, 2015). As a suggestion of the study, the 209 
power discharge of the batteries is not allowed when the SOC of the batteries is less 210 
than 30%. Similarly, when the SOC is more than 90%, the batteries are not to be 211 
charged either.  212 
4. System simulation model 213 
According to the proposed system structures and the control strategy described above, 214 
the models of the three power source modules and the inverter module are developed 215 
respectively. The micro-grid system model is built by the MATLAB/Simulink as shown 216 
in Fig.3. 217 
 218 
  219 
Fig.3 The simulation model of marine micro-grid 220 
 221 
With the developed model of solar photovoltaic cell power module, the power output 222 
characteristics of the photovoltaic cells can be examined by changing the input 223 
parameters of the module, such as the light intensity and temperature. A DC/DC 224 
converter is connected with the solar photovoltaic cell module. The DC/DC converter 225 
applies the maximum power point tracking algorithm for solar energy output (Camacho 226 
et al, 2013). 227 
The model of lithium-ion battery is developed from the SYS module library of 228 
MATLAB. This is a model based on the improved Shepherd curve fitting. The effect 229 
of SOC on the battery performance is simulated by increasing the voltage polarization 230 
in the model. In order to improve its stability, the model calculates the polarization 231 
resistance through the current after filtration (Majumder, 2013). The bidirectional 232 
DC/DC converter is then connected with the lithium-ion battery module to realize the 233 
charge and discharge control of the battery. 234 
The diesel generator module is simulated by using the 4-stroke diesel engine model and 235 
the permanent magnet synchronous generator model in MATLAB. In the model of 236 
diesel generator, the torque and throttle control signals are adopted as the input and the 237 
engine speed and generator power are the outputs (Shafiee et al, 2014; Ahmadi and 238 
Wang, 2014). 239 
The load module in Fig .3 is in the form of pure resistance. Thus, the load profile of the 240 
whole power system is then simulated. A multi-energy power management system is a 241 
self-contained module by adopting the proposed control strategy. The measurement and 242 
display module in Fig.3 is used to indicate the power, current and other operational data 243 
of the power system. 244 
5. Simulation and result analysis 245 
Of course, there are many factors that can affect solar power output and influence the 246 
emissions of diesel engine and efficiency. But in view of the energy control strategy is 247 
proposed, the system can be controlled to make the micro grid stable operation under 248 
its normal conditions as long as the output power of each source and the load are 249 
detected. So, the input parameters of the simulation are given as the following: 250 
1. Diesel generator outputs are 100kW, 380V and 50Hz,  251 
2. The maximum power output of photovoltaic cells is 30kW,  252 
3. The rated capacity of the battery is 50kWh. 253 
Based on the overall model of ship micro-grid system developed by 254 
MATLAB/SIMULINK, simulation is run to evaluate the effectiveness of the power 255 
distribution, control strategy and the operation stability of the system. The initial setting 256 
conditions of the system are that the initial load is 20kW and the PV output is 30kW. 257 
The system reaches to stable operation status after 2 seconds from of the start of the 258 
simulations. The operational profile of individual energy module is shown in Fig 4. 259 
 260 
Fig.4 Output power of difference energy modules 261 
 262 
Between 2 and 8s, the 30 kW power output of the PV module is consumed by the load 263 
at 20kW and 10 kW for battery charge through the inverter. During this time, the diesel 264 
generator is not in operation. 265 
For the 8th to 15th second, the load is increased to 50kW which is met by the photovoltaic 266 
output of 30kW and the battery output of 20kW through the inverter, and the diesel 267 
generator is still not in operation.  268 
At the 15th second, the load is increased to 80kW. 50kW of the load is provided by the 269 
combination of the photovoltaic output and that of the battery. Whereas the remaining 270 
power 30 kW is supplied by the diesel generator. 271 
At the17.5th second, when the lithium battery discharge current and SOC reach the set 272 
values, the battery pack changes its operation mode from discharge to being charged 273 
conditions. The power generated from the diesel engine is increased to 60 kW to 274 
complement with the solar panel power to drive the load. Whereas the additional power 275 
of 20 kW from the diesel generator is to charge the batteries. 276 
Fig. 5 and Fig. 6 show the voltage and frequency of micro-grid system output through 277 
the simulation. It can be seen that both the voltage and frequency of the system output 278 
are stable and meet the requirement of classification requirements. The detailed 279 
permission levels of voltage and frequency deviations can be found in Table 1 (Josep 280 
et al, 2016). 281 
 282 
 283 
Fig.5 Frequency of AC Bus 284 
 285 
Fig.6 Voltage of AC Bus 286 
Table 1. Permitted levels of voltage and frequency deviations for ship power supply 287 
system  288 
Standards Instruments and Parameter Variations 
Range of The Standard Voltage Frequency 
Polish Register  
IEC60092-101 
Electrical Installations in ships. 
Definitions and general 
requirements 
 + 6%, -10% 
±20%(1.5s) 
±5% 
±10%(5s) 
Lloyd’s Register Selection and Use of Standards 
for Naval Ship 
+ 6%, -10% 
±20%(1.5s) 
±5% 
±10%(5s) 
STANAG1008 Characteristics of Shipboard 
Electrical Power Systems in 
Warships of the North Atlantic 
Treaty Navies, NATO, 
Edition9, 2004 
±5% 
±16%(2 s) 
±3% 
±4%(2s) 
American Bureau of 
shipping 2008 
Rules of International Ship 
Classification Societies, eg 
PRS/25/P/2006 
+ 6%, -10% 
±20%(1.5s) 
±5% 
±10%(5s) 
IEEE Std.45-2002 IEEE Recommended Practice 
for Electrical Installations in 
ships 
±5% 
±16%(2 s) 
±3% 
±4%(2s) 
China classification 
society 
 Electrical devices, Standard 
for classification of steel ships 
(2014). 
+ 6%, -10% 
±20%(1.5s) 
±5% 
±10%(5s) 
 289 
The simulation test is carried out in the normal conditions of the system, and the running 290 
status and power quality are simulated under different working conditions. The 291 
simulation results verify the correctness and feasibility of the proposed system scheme 292 
and control strategy, and the power quality in line to certain standards. A solution for 293 
the ship power system of a green ship is provided. The simulation tests are of reference 294 
for the research and development of the control system which is applied to the case ship. 295 
There is another control strategy for the system in case of failure conditions or 296 
emergency conditions, and it doesn't involve in this paper 297 
6. Experiment and result analysis 298 
The experimental test rig is constructed according to the proposed topology of a micro 299 
grid system with multi-energy modules, which is located at Jimei University. The test 300 
rig consists of a 75kW diesel generator, a 30kW photovoltaic system and a 53.7kWh 301 
lithium-ion battery pack. The diesel generator and power distribution device are shown 302 
in Fig.7. The solar panels are of 200m2 shown in Fig.8. The battery pack consists of 168 303 
lithium batteries (3.2v/100Ah) which are connected in series shown in Fig.9. Fig.10 304 
shows the DC converter, PV inverter and other power transformation device. 305 
 306 
 307 
Fig.7 Diesel generator and main switchboard  308 
 309 
Fig.8 Solar panels  310 
 311 
Fig.9 Lithium battery pack  312 
 313 
Fig.10 Inverter, control system and charger 314 
According to the control strategy proposed above, the developed power control system 315 
is implemented by the PLC from ABB Company as shown in Fig.11. Water is used to 316 
disperse the power generated from the power modules as the load of the system. All 317 
system operation data are collected and transmitted to the PLC by the CAN bus. A 318 
monitoring and alarm system is developed and connected with the PLC. A touch screen 319 
is applied as the terminal to display parameters of system operation. The Modbus 320 
protocol is employed for two-way data communication between the PLC and the 321 
terminal. Fig.12 is the software interface showing system control and operational 322 
parameters on the terminal. 323 
 324 
Fig.11 Power control system 325 
 326 
Fig.12 Monitor interface 327 
 328 
The system is tested during the period of mid-day to make the best use of the solar 329 
energy. The tests were conducted with 3 scenarios. Table 2 presents the test data of 330 
power distribution among the three power sources obtained from the monitoring display 331 
unit and the power quality analyser CA8335.  332 
Table 2 Power output of different power modules 333 
No. of scenario  Power of load  Power of batteries Power of PV  Power of DG 
1 4.1 kW  
(6.2A) 
7.1kW 
 (-12.7A) 
11.3kW 
(20.1A) 
0 
2 17.3kW 
 (26.8A) 
8.7kW  
(15.6A) 
9.4kW 
(16.8A) 
0 
3 42.8kW 
 (65A) 
-5.7kW  
(-10.3A) 
6.8kW 
(12.1A) 
45.9kW  
(70A) 
 334 
Scenario one was to set the load to be less than the solar power module output so that 335 
the extra power from the solar system is used to charge the battery. As shown in table 336 
1, the solar power output was 11.3kW and load was 4.1kW. The difference of 7.1kW 337 
was used to charge the battery pack. Under this working condition, the system ran on 338 
the mode of the power supplied by the solar energy alone. 339 
Scenario two was to increase the load to be more than the solar penal output power. In 340 
this case, the power supply from the battery system was required. During the test, it was 341 
observed that the battery pack charging current was reducing gradually until it was 342 
switched from the charging mode to the discharging mode. The output voltage of the 343 
battery pack was slightly reduced as the load was increased. In scenario2, the sum of 344 
the power outputs from the solar panel and the battery pack was slightly more than that 345 
of the load. Under this working condition, the system should run on the mode with the 346 
power supply from the combination of solar panel and batteries. 347 
It was also observed that the battery discharge current will increase or decrease as the 348 
load increases or decreases in this scenario. The output current of the solar system 349 
remained almost the same. This reflects the developed control strategy of maximising 350 
the use of solar energy. 351 
In scenario 3, the load was further increased to be more than the total power output of 352 
solar panels and the power of battery pack which was set at 0.8C discharged current so 353 
that the diesel generator started automatically and to provide the additional power 354 
required in parallel. During the operation, when the battery discharge current and 355 
residual capacity reaches the set value as shown in table 2, the power generated from 356 
the diesel engine is to complement with the solar panel power to drive the load. 357 
Meantime, the extra power from the diesel generator is to charge the batteries. 358 
Table 3 the set value of batteries operation mode from discharge to charge 359 
Set value Current of batteries SOC of batteries 
1 0.6C -1C <70% 
2 0.4C-0.6C <50% 
3 <0.4C <35% 
The test results of the experiment show that the system is able to operate stably under 360 
different working conditions. With the change of load, the system is able respond 361 
automatically to vary the power distribution among power modules and supply the 362 
power from one power module to another following the control strategy designed, 363 
which verify the effectiveness of the developed control strategy. 364 
7. Case ship study 365 
A case study was carried out in order to demonstrate feasibility of the designed control 366 
strategy and determine the fuel saving and emissions reduction of the installation of the 367 
hybrid power system.  368 
1) Case vessel 369 
The technology of the developed control strategy and hybrid power system has been 370 
applied to the retrofit of a sightseeing ship serving in between two ports in Guilin, China, 371 
shown in Fig.13. The main particulars of the case ship are: L x B x D is 30.5 m x 5.3 m 372 
x 0.53 m; Displacement is 39.16 tons (steel structures); the average speed of a ship is 8 373 
knots; the number of operation days per year is 200 days. Life span is 30 years. The 374 
power system configuration of the ship before retrofit is: 1 set of 75 kW diesel engines 375 
for propulsion and 1 set of 32.4kW diesel generator. The power system configuration 376 
of the ship after retrofit is: 1 set of 50kW motor as the propeller driver; 1 set of 75 kW 377 
diesel generator; 3 sets of 537V and 100Ah lithium-ion batteries, 1set of solar panel 378 
with 110m2 producing 12kW of power. In this research only propulsion power 379 
requirement is under investigation and other power consumers are not considered. The 380 
hybrid power system fully meets the requirements of design function and has obtained 381 
the certificate of seaworthiness which was issued by China Classification Society. 382 
 383 
Fig.13 Sightseeing ship installed with the developed hybrid power system 384 
2) Daily operation profile 385 
The Sightseeing ship departs from the port of WenChangQiao at 8:30 a.m. and arrives 386 
at port of MoPanShan at 11:48; Departure from the MoPanShan port at 14:28 and return 387 
to WenChangQiao port at 17:46. A charging station was installed at the WenChangQiao 388 
port to recharge the batteries to full SOC overnight. Table4 shows the operation profile 389 
of the case vessel. 390 
 391 
Table 4 Operation profile of the case ship 392 
Conditions * Mode 1 Mode 2 Mode 3 Mode 4 Mode 1 Mode 2 Mode 3 Mode 4 Total 
sailing 
hours 
Time 
Min 8 180 10 160 8 180 10 884 
Hour 0.13 3 0.17 2.7 0.13 3 0.17 14.7 9.3 
Propulsion 
power  
kW 
25 40 25 0 25 40 25 0 
 Mode 1: departing from port to cruise speed 393 
 Mode 2: cruise speed 394 
 Mode 3: approaching to port 395 
 Mode 4: in port 396 
3) Fuel consumption and emissions reduction 397 
According to the operation profile of the case ship, it can be estimated that the total 398 
power needed for the entire voyage is of 255 kWh. To determine the fuel consumption 399 
and emission released, three cases are established.  400 
Case 1: hybrid system applied with sunny all day which means the solar panel has a 401 
constant power output of 12kW. In this case, the power supplied by the solar panel is 402 
111.6kWh, and the power supplied by the batteries is 255-111.6=143.4kWh; 403 
Case 2: hybrid system applied with no solar energy available all day which means the 404 
solar panel has a zero power output. In this case, the power supplied by the batteries is 405 
53.7x3x0.6=96.7kWh, and the power supplied by the diesel generator is 255-406 
96.7=158.3 kWh; 407 
Case 3: conventional system. In this case, all power of 255 kWh was supplied by the 408 
diesel engine. 409 
The fuel consumptions for the three cases are determined according to the specification 410 
of the diesel engine where the SFOC at the output power of 25kW is found to be 411 
220g/kWh and 200g/kWh at 40kW. In the first two cases, the developed control 412 
strategies have been taken into account in order to determine the distributions of power 413 
from the three power modules. The fuel oil used on board is marine diesel oil and it has 414 
a carbon emission factor of 3.223 kg CO2/kg fuel (Greenhouse gas reporting, 2017). 415 
Then the emission released can be derived and the carbon credit is obtained with a 416 
consideration of 25$/tonne CO2 (Luckow et al., 2016). Therefore the total daily 417 
consumption and operational cost are determined and presented in Table 5. 418 
 419 
Table 5 Cost and consumption of fuel and electricity and emission released 420 
Daily consumption Quantity Price Cost 
Case Description 
 
Solar 
power 
output 
(kW) 
Battery 
electricity 
consumption 
(kWh/day) 
Fuel oil 
consumption 
(kg/day) 
CO2 
emission 
(kg/day) 
Electricity 
price 
($/kWh) 
Fuel oil 
price 
($/tonne) 
Carbon 
credits 
($/tonne) 
Total 
daily 
cost 
($) 
1 Sunny 12 96.66 9.47 30.53  
 
0.07[1] 
 
 
662[2] 
 
 
25 
14.0 
2 No sun 0 161.1 18.9 60.8 30.7 
3 Conventional 0 0 51.3 165.3 38.1 
[1] National report of annual electricity price for commercial use 2013-2014, 2015; [2] Shanghai Bunker Price, 2017. 421 
From the above table, it is obvious that the daily operational cost of using conventional 422 
propulsion system is the highest among all. Considering the annual sunshine in Guilin 423 
is 1160 hours (of 365 days in 2016) (Guilin Current weather report, 2017), there is 424 
approximately 1160/(365x9.3)=34% of total ship operation hours under the sunny 425 
condition. Therefore, the ship would navigate in case 1 with 34% and case 2 of 66%. 426 
As the ship will operated 200 days per year for 30 years, the total cost is saved 427 
approximately $78,719, and the amount of fuel saving is about 162.5ton, and the total 428 
CO2 emission is reduced about 523.9ton. 429 
4) Initial investment  430 
In order to derive the life cycle profit, the investments of battery and solar system are 431 
taken in to account. Based on the case ship study, the cost of solar panels is about 432 
90$/kW (Alibaba, 2018), therefore, the initial cost is about 90*12 = $1,080. The cost 433 
of battery is about 312.5$/kWh (Alibaba, 2018) so the initial cost is 312.5*161.1 = 434 
$50,344. Hence the total investment is about $51,424. Considering there is one engine 435 
less than conventional ship, the cost of one engine purchase is reduced which is assume 436 
to be $1,600. Therefore, the total saving of whole life cycle is: 78,719+ 1,600 - 51,424 437 
= $28,895.  438 
Considering the worst case scenario which has no sun during operation in all years, the 439 
savings are listed in Table 6 to compare with the results from Year 2016. 440 
 441 
Table 6 Savings under Year 2016 and worst case scenario. 442 
Items ($) Year 2016 Worst case scenario 
 Fuel saving  65621 35044 
Savings CO2 credits  13097 9378 
Engine purchase  1600 1600 
Total investment  51424 51424 
Total saving  28895 -5401 
 443 
5) Discussion 444 
From above analysis, with application of battery and solar system, the emission of CO2 445 
is dramatically reduced from 165.3kg/day for case 3 to 102.8 kg/day for case 2 and to 446 
78.0 kg/day for case 1. Similarly, the total energy (fuel and electricity) costs are lowest 447 
in scenario 1 among all cases which indicate the usage of solar power will definitely 448 
reduce the operation costs. From the aspect of investment, the costs are due to the 449 
purchase of new equipment (solar panels and battery packs) and fuel/electricity 450 
consumed. Since using hybrid power system, the energy cost is significantly reduced 451 
and it can recover the initial investments by saving fuel. The payback time for the 452 
investment is 19 years under scenario 1 condition. As the worst scenario is investigated 453 
in previous section, the result of using only battery is also a profitable strategy. It may 454 
meet the expectation of new clients whose vessel is operated in a less sunny region.  455 
8. Conclusions 456 
A ship micro-grid system is constructed to control the power distribution from solar 457 
energy, lithium battery pack and diesel generator. A control strategy is developed to 458 
coordinate energy allocation between different energy modules and optimize the energy 459 
management of different power sources. A monitoring system is developed and 460 
integrated with the energy management system. The effectiveness and feasibility of the 461 
proposed control strategy have been validated through the system modelling, 462 
simulation, experimental study and the application on case ship. From case ship study, 463 
compared with conventional power system, the emission of CO2 is dramatically 464 
decreased and the energy cost is significantly reduced. The developed micro-grid and 465 
control strategy will provide an environmentally friendly solution for the waterborne 466 
tourism economy and promote the development and application of green ships. The 467 
research and development shall lay a foundation for further research on key 468 
technologies of intelligent ships. 469 
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